Abstract-The multifunctionality of microwave links based on remote heterodyne detection (RHD) of signals from a dual-frequency laser transmitter is discussed and experimentally demonstrated in this paper. Typically, direct detection (DD) in conjunction with optical intensity modulation is used to implement fiber-optic microwave links. The resulting links are inherently transparent. As opposed to DD links, RHD links can perform radio-system functionalities such as modulation and frequency conversion in addition to transparency. All of these three functionalities are presented and experimentally demonstrated with an RHD link based on a dual-frequency laser transmitter with two offset phase-locked semiconductor lasers. In the modulating link, a 1-Gb/s baseband signal is QPSK modulated onto a 9-GHz RF carrier. The frequency converting link demonstrates up-conversion of a 100-Mb/s PSK signal from a 2-GHz carrier to a 9-GHz carrier with penalty-free transmission over 25 km of optical fiber. Finally, the transparent link transmits a standard FM video 7.6-GHz radio-link signal over 25 km of optical fiber without measurable distortion.
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Based on Remote Heterodyne Detection Ulrik Gliese, Torben Nørskov Nielsen, Søren Nørskov, and K. E. Stubkjaer, Member, IEEE is then transmitted through the optical fiber, and the MW signal is recovered by DD in a photodiode. In the RHD links, two phase-correlated optical carriers are generated in a dual-frequency laser transmitter with a frequency offset equal to the desired MW frequency. Both optical signals are then transmitted through the optical fiber, and the MW signal is generated by heterodyning of the two optical signals in a photodiode. Links using IM-DD are inherently signal transparent and, in principle, act as amplifiers/attenuators. Consequently, these links are restricted to MW-signal transport functions. In fact, until now, the fiber-optic technology has primarily been considered for such functions. However, when based on RHD, the technology can offer radio-system functionalities such as modulation and frequency conversion in addition to transparent signal transport. For some applications, this may be of considerable importance.
Naturally, the performance of RHD must be viewed in the light of its higher complexity and cost as compared to IM-DD. The increase in complexity and cost is due to the required dual-frequency laser transmitter. Integration might lead to cost reductions, and transmitter concepts with potential for hybrid and/or monolithic opto-electronic (O/E) integration are, therefore, essential.
In this paper, we present three fiber-optic MW-link experiments demonstrating the feasibility of implementation of the three different radio-system functionalities: modulation, frequency conversion, and transparency. The link used for all three experiments is based on RHD and a semiconductor laser transmitter that has the potential for both hybrid and monolithic O/E-integration.
The paper is organized as follows. The principles and functionalities of RHD are described in Section II, together with different transmitter concepts. Further, the obtainable link functionalities are described in Section III. This is followed by a description in Section IV of the transmitter that is used in the link experiments. After this, the three link experiments and their results are presented and discussed in Sections V-VII. Finally, conclusions are drawn in Section VIII.
II. RHD AND TRANSMITTER CONCEPTS

A. The RHD Principle
The principles of RHD links are quite different from those of IM-DD links. The major difference is that the IM-DD link transmits the MW signal as sidebands on a single laser 0018 signal whereas the RHD link generates the MW signal by heterodyning of two laser signals. In this process, the phase noise of the two laser signals transfers directly to the resulting microwave signal. Therefore, it is necessary either to remove the actual laser-signal phase noise or to correlate the phase noise of the two laser signals. Both methods or a combination ideally ensures the generation of a highly phase-stable MW carrier.
A simplified schematic of the RHD principle is shown in Fig. 1 . At the transmitter end, two phase-correlated laser signals with a frequency offset of are generated by a dual-frequency laser transmitter. Both laser signals are transmitted through the fiber link to the receiver end where heterodyning takes place in an O/E-converter (photodiode). Assuming that the phase correlation between the two laser signals is not altered by the fiber link, the resulting beat signal is a highly phase-stable MW carrier with a frequency of .
However, the phase correlation is altered to some extend by the fiber link which, besides transmission attenuation, may limit the system performance due to dispersion effects and fiber nonlinearities. Both chromatic dispersion and polarizationmode dispersion limit the obtainable transmission-distance times MW-carrier frequency product of the link [1] , [2] . Further, at high optical input powers, fiber nonlinearities may cause significant problems. This aspect has to the best of the authors' knowledge never been analyzed for neither IM-DD nor RHD fiber-optic MW links. Such an analysis, however, is outside the scope of this paper.
B. Dual-Frequency Laser Transmitters
No details have been presented in Fig. 1 for the dualfrequency laser transmitter of the link, as it can be implemented in many different ways. The general concept, however, is the same for all transmitter types. A MW carrier is used to control the frequency offset and phase correlation between the two laser signals. Further, information content can be modulated onto the optically generated MW signal by modulating one or both of the two laser signals. A variety of possible transmitter concepts have been proposed and investigated:
1) dual-mode lasers where the two optical signals are generated from two different oscillation modes in a master laser [3] ;
2) optical frequency shifting where the two optical signals are generated by: a) splitting a master laser signal in two and frequency shifting one part [4] , [5] ; b) single sideband (SSB) modulation of a master laser signal [6] , [7] ; c) suppressed carrier double sideband (SC-DSB) modulation of a master laser signal [8] , [9] .
3) optical offset injection locking where the two optical signals are generated by injection locking of: a) two slave lasers by a master laser [10] ; b) one slave laser by a master laser [11] .
4) optical offset phase locking where the two optical signals are generated by phase locking of a slave laser to a master laser [12] - [15] .
III. MULTIPLE-LINK FUNCTIONALITIES
In radio systems, the baseband information signal is normally known as the low-frequency (LF) signal. The LF signal is typically modulated onto a carrier resulting in an intermediate frequency (IF) signal. Finally, the IF signal is frequency up-converted to an RF signal suitable for transmission in the radio channel. The three abbreviations LF, IF, and RF are not used to describe specific frequency ranges, rather they are used to describe different signal stages present in most radio systems. For consistency, this terminology is used throughout this paper. Therefore, any radio-transmission signal at no matter which MW frequency is designated the RF signal.
As the carrier and the modulation of the RF signal can be controlled separately in RHD links, the link can perform three different radio-system functionalities depending on how the transmitter is constructed and operated.
1) A modulating link that modulates an LF signal, applied at the input of the link, onto an RF signal, delivered at the output at the link. 2) A frequency converting link that up-converts an IF signal, applied at the input of the link, to an RF signal delivered at the output of the link. The reverse action, down-conversion, is also possible. 3) A transparent link that transfers an RF signal from the input of the link to the output of the link without alteration. These three modes of operation are described in detail in Section IV for a transmitter based on optical offset phase locking of two semiconductor distributed feedback (DFB) lasers.
IV. THE OPTICAL PHASE-LOCKED-LOOP LASER TRANSMITTER
A. Setup
As shown in Fig. 2 , the dual-frequency laser transmitter consists of an optical phase-locked loop (OPLL) RF generator, [15] , and an optical modulator (the possible configurations are described at the end of this section). The OPLL RF generator consists of a free-running master laser with a 2-MHz linewidth, an O/E phase detector (optical frontend and microwave mixer), a loop filter (low-pass with phase-lead correction), and a slave laser with a 6-MHz linewidth [16] . The RF signal generated by the beat of the two semiconductor lasers is, in the phase detector, compared to the RF input signal. The resulting phase error signal is fed back to the slave laser which is forced to track the master laser. This causes a significant reduction of the phase noise of the beat signal. The OPLL is a second-order loop with a loop feedback bandwidth (as defined in [17] ), of 180 MHz, a loop gain of 181 dBHz, and a loop propagation delay of only 400 ps [15] . A photo of the OPLL feedback loop is shown in Fig. 3 to illustrate how the low-loop propagation delay has been achieved through a very compact setup.
The required feedback bandwidth is independent of the RF signal frequency and only depends on the required RF signal phase noise and the phase noise of the lasers. Therefore, the obtainable RF signal frequency is solely determined by the phase detector RF properties. The OPLL presented here operates a continuous RF range of 3-18 GHz. However, with fast photodiodes and monolithic microwave integrated circuit (MMIC) technology operation in the 60-or 100-GHz frequency bands can be obtained.
B. Performance
The RF signal generated by the OPLL transmitter is shown in Fig. 4 for the frequency of 6 GHz. Close to the carrier, its spectral shape corresponds exactly to that of the injected RF signal. The noise level is as low as 110 dBc/Hz @ 100 kHz of carrier, less than 115 dBc/Hz @ 200 kHz-20 MHz of carrier and only 102 dBc/Hz at the offset corresponding to the loop resonance frequency. Of the total signal power, 97.7% is phase locked in the carrier and the total phase variance is as low as 0.04 rad in a 1-GHz noise bandwidth and only 0.001 rad in a 50-MHz noise bandwidth.
The total phase variance in a noise bandwidth of 1 GHz is shown as a function of the RF signal carrier frequency in Fig. 5 . As seen, the OPLL has an uniform performance in the range of 4-15 GHz with an average phase variance of 0.045 rad . For this value, the total rms phase error is shown as a function of the noise bandwidth in Fig. 6 . As shown, QPSK and PSK signals typically require an rms phase error of maximum 2.8 and 8.2 , respectively [2] . For an effective system noise bandwidth of 0.6 times the symbol rate [2] , this allows for QPSK operation at bit rates of up to 200 Mb/s, and PSK operation at bit rates of up to 290 Mb/s.
Finally, the locked loop operation is very reliable. An acquisition range of 640 MHz has been measured, and the average time to cycle slip is estimated to 10 s. This yields a probability of less than 0.3% for one cycle slip within ten years. To our knowledge, this semiconductor laser OPLL is the best ever reported [15] .
C. Configurations
The transmitter described above can be used for any of the three different link functionalities presented in the previous section. In the following, a description of each of the three functionalities is given in relation to the OPLL transmitter.
1) In the modulating link, an unmodulated RF carrier is injected into the phase detector of the OPLL. This ensures phase correlation of the two laser signals at a frequency offset equal to the frequency of the injected RF carrier. Further, one or both of the laser signals are modulated by an LF signal by use of an external optical modulator. The modulation format used for the optical modulation transfers directly to the RF signal generated by RHD at the output of the link. The generated RF signal and, thereby, also its amplitude modulation relates as the square root to the intensity of each laser signal. Therefore, in the case of optical IM, it is necessary to modulate both laser signals with the same LF signal, as shown for the IM configuration of Fig. 2 . This ensures a linear amplitude modulation of the RF signal. PM is obtained by modulation of one of the laser signals as shown for the PM configuration of Fig. 2 . In this scheme, FM of the master laser cannot be used since it will be tracked by the OPLL. 2) In the frequency up-converting link, an unmodulated RF carrier is injected into the phase detector of the OPLL as described above. Further, one or both of the laser signals are modulated by an IF signal or an IF signal set by use of an external optical modulator in either of the same configurations described above. By RHD, the IF signal is frequency up-converted to an RF signal. For the IM method, the linearity only depends on the linearity of the modulator. In contrast, the use of PM for subcarrier modulation inherently results in some signal distortion because it is a nonlinear modulation process [18] . The modulation depth must, therefore, be adjusted depending on the number of IF signals that are to be handled in one signal set [18] , [19] . 3) In the transparent mode, a modulated RF signal is injected into the phase detector of the OPLL. The two lasers are then forced to offset phase lock in such a manner that the optically generated RF signal equals the injected RF signal. After RHD at the receiver, the signal has been transferred directly to the output of the link. With the OPLL, this mode of operation only works for RF signals modulated in either frequency or continuous phase and within the modulation-bandwidth limitations of the loop. In this scheme, an external optical modulator is not present in the setup of Fig. 2 . Proof of concept link experiments have been carried out for each of the three functionalities to demonstrate their feasibility. All of the link experiments are based on the OPLL dualfrequency laser transmitter operating in the wavelength regime of 1550 nm, a conventional optical frontend receiver and standard single-mode fiber. For the distances (0-25 km) and MW frequencies (7-9 GHz) of the link experiments presented in this paper, no limitations occur due to fiber dispersion [1] , [2] . This is also verified by the experimental results. The optical power levels in the transmitter were optimized for optimum OPLL performance rather than for maximum transmission power. Consequently, each of the two lasers only put approximately 15 dBm into the transmission fiber. At this power level, fiber nonlinearities should have no effect on the link performances.
V. THE MODULATING LINK
A. Experimental Setup
This experiment demonstrates QPSK modulation of an LF input signal with a bit rate of up to 1 Gb/s onto a 9-GHz RF carrier [20] . The experimental setup is shown in Fig. 7 . It consists of a pseudorandom bit sequence (PRBS) generator, a QPSK driver/encoder [21] , an O/E transmitter (Tx) unit, a fiber-optic link (here only a few meters), an O/E receiver (Rx) unit, a PSK microwave receiver, and a sampling oscilloscope. A DC-12-GHz optical frontend (HP 11 982A) is used for the Rx unit. The Tx unit consists of the semiconductor laser OPLL RF generator described in Section IV and an external two-electrode semiconductor optical amplifier (SOA) phase modulator [22] , [23] .
A four-level LF signal from the QPSK driver/encoder is applied to the SOA phase modulator. This signal QPSK modulates the master laser signal. The two laser signals are transmitted through the fiber to the Rx unit where a QPSK modulated RF signal is generated by RHD. The carrier frequency is determined by the frequency offset between the two lasers in the OPLL, which is chosen to 9 GHz. The resulting modulation on the RF signal is exactly the same as that applied to the optical signal.
B. Modulating Performance
The LF-to-RF modulating link functionality has been verified by analysis of the received RF signal and the demodulated and components. The signal at the output of the Rx unit is shown in Fig. 8 . The smooth curve represents the ideal envelope for the QPSK RF spectrum. The measured spectrum is (as seen) very close to the ideal. The imperfect suppression of the carrier (20.5 dB) as well as the spikes between each sidelobe are due to a nonlinear PM response of the SOA phase modulator. This gives rise to a penalty of approximately 1 dB, which is low compared to the 14.5-dB gain of the SOA. The demodulated and components of the 1-Gb/s QPSK signal are shown in Fig. 9 . They have been measured with the sampling scope in averaging mode to clear the measurement from phase noise. From the well-defined upper and lower levels of the demodulated signals, it is seen that the SOA modulator both provides the sufficient PM index and has adequate phase linearity to yield a nearly constant amplitude of the signal levels. The residual gain variation of the SOA is also included in the Fig. 9 and is only 1 dB.
C. Link Performance
As shown in Section IV, the OPLL RF generator allows for QPSK transmission of up to 200 Mb/s (60-MHz noise bandwidth). Such a transmission has been carried out using an available PSK receiver with a noise bandwidth of 120 MHz. As expected, this noise bandwidth is too wide, and this is clearly evident from the eye diagram shown in Fig. 10 . However, besides the noise, the eye diagram is well defined and does not show any other deteriorating effects. To further verify this, a 100-Mb/s PSK transmission has also been carried out. As seen from Fig. 6 , PSK is less sensitive to phase noise than QPSK. Therefore, a very clean eye diagram is obtained, as shown in Fig. 11 . It is clearly seen that the eyes of the two different experiments have the same general shape and only differ due to the noise. This confirms a well-behaved link operation.
D. Summary
The experiment demonstrates the LF-to-RF modulating functionality of RHD links. Such links may prove useful in applications where the LF signal is readily available. This is the case in most up-link systems. In these systems, the traditional modulator and up-converter equipment becomes unnecessary when RHD links are used instead of DD links. Naturally, a comparison of the two types of links must take this into account when considering the aspects of performance, cost, power consumption, etc.
In addition, the experiment demonstrates that SOA's can efficiently be used as high bit-rate -ary PSK modulators. They require less modulation power than most other optical modulators and at the same time provide gain to boost the transmitter power [22] . The use of SOA phase modulators are normally problematic due to their inherent AM and nonlinear PM. However, as demonstrated, both can be compensated in two-electrode devices [23] .
VI. THE FREQUENCY UP-CONVERTING LINK
A. Experimental Setup
This experiment demonstrates frequency up-conversion of a 100-Mb/s PSK IF input signal at a carrier frequency of 2 GHz to an RF of 9 GHz [24] . The link setup is shown in Fig. 12 . It consists of a PRBS generator, PSK microwave transmitter, O/E Tx unit, fiber-optic link, O/E Rx unit, DPSK microwave receiver, and a bit error rate (BER) detector. The Rx unit is the same as in the previous experiment. The Tx unit consists of the semiconductor laser OPLL RF generator and an external 2.5-GHz bandwidth LiNbO phase modulator.
The IF input signal (cf. Fig. 13 ), is transmitted through the fiber-optic link phase modulated as a subcarrier onto one of the laser signals and is frequency up-converted in the Rx unit by the nonmodulated laser signal. The frequency up-conversion is determined by the frequency offset between the two lasers in the OPLL, which is chosen to be 7 GHz. As shown in Fig. 14 , replicas of the input signal result at RF's of 5 and 9 GHz as sidebands to the optically generated 7-GHz carrier. The 9-GHz component of this signal is filtered and demodulated in the DPSK receiver.
B. Link Performance
The performance (in terms of BER) of the fiber-optic MW link is determined by the carrier-to-noise ratio (C/N) of the 9-GHz up-converted signal and by the phase noise of the optically generated microwave carrier. In this system, the C/N is determined by the optical modulation index (0.47 rad) which governs the power level and distortion of the up-converted signal, the received optical power from each laser (variable), and the thermal noise of the Rx unit (24 pA/ Hz). Further, the optically generated microwave carrier has an rms phase error of approximately 7 within the 80-MHz noise bandwidth of the DPSK microwave receiver due to a nonoptimum OPLL operation (cf. Fig. 6 ) during this experiment.
The BER is depicted in Fig. 15 versus the square root of the product between the received optical powers from the two transmitted laser signals. Further, an eye diagram at a BER of less than 10 is shown in Fig. 16 . The lower rippled trace, which is not present in a DPSK eye as measured directly at the demodulator output, is quite normal and is present due to the tight post-detection noise filtering. A PRBS of length has been used for all the measurements. Fig. 15 gives a theoretical BER curve based on the aforementioned noise parameters, a BER curve for optical back-to-back measurements (fiber-optic link of a few meters) and a BER value measured for transmission through 25 km of standard single-mode fiber. As seen, there is good agreement between the measured curve and the ideal theoretical curve. Further, the influence of the fiber, besides the 0.2-dB/km transmission loss, is negligible. 
C. Summary
The experiment demonstrates the IF-to-RF frequency upconverting functionality of RHD links. Although not demonstrated here, down-conversion is also achievable by proper selection of the input signal frequencies. Frequency converting links may prove useful in applications where the IF signal is readily available, as is most often the case. Further, the traditional up-converter and down-converter equipment becomes unnecessary when RHD links are used instead of DD links. Naturally, as mentioned for the modulating link, a comparison of the two types of links must take this into account when considering the aspects of performance, cost, power consumption, etc.
VII. THE TRANSPARENT LINK
A. Experimental Setup
This experiment demonstrates transparent transmission of a standard FM video 7.6-GHz radio-link signal [25] . The link setup is shown in Fig. 17 . It consists of a video signal generator, microwave transmitter, O/E Tx unit, fiber-optic link, O/E Rx unit, microwave receiver, and a video-signal analyzer. The Rx unit is the same as in the two previous experiments, and the Tx unit consists of the semiconductor laser OPLL RF generator.
The RF input signal is a 7.6-GHz FM radio-link signal with a spectral width of 27 MHz that has been generated from a phase alternate line (PAL) video signal with a bandwidth of 6 MHz. This microwave signal is injected into the phase detector of the OPLL. The phase fluctuations of the two lasers will be correlated by the OPLL so that the phase and frequency of the laser beat signal after RHD tracks the phase and frequency of the RF input signal. In effect, the OPLL Tx unit modulates the information content of the RF input signal onto the optical signal of the locked laser and at the same time locks the laser to the master laser with a frequency offset equal to the carrier frequency of the RF input signal. The two laser signals are transmitted through the 25-km fiber-optic link and the RF signal is recovered in the Rx unit by RHD. The recovered signal is demodulated in the microwave receiver and the demodulated video signal is analyzed. The transparent transmission can be performed for RF signals modulated in either frequency or continuous phase and with carrier frequencies within the operational range of the OPLL (here, 3-18 GHz). The exact modulation bandwidth capability depends in detail on the modulation format as well as several loop aspects which are outside the scope of this paper. However, in general, the modulation rate for any modulation format must be less than the loop natural bandwidth (here, 110 MHz), and the peak frequency deviation for frequency modulated signals must be less than the lock range of the loop (here, 175 MHz) [19] , [26] .
B. Link Performance
Normally, a transparent fiber-optic RF link is characterized through its gain, dynamic range, linearity, and noise. These are evaluated in the following based on the measured results given in Table I , together with results of an electrical back-to-back measurement (microwave transmitter to microwave receiver). For comparison, Table I also gives the requirements for main (25-50-km) radio FM TV links.
C. Link Gain and Dynamic Range
The link was operated with a 10-dBm RF input signal and gave a 27-dBm RF output signal for a 0-km transmission and 37 dBm for a 25-km transmission. This gives a link insertion gain of 37 dB and a link transmission gain of 47 dB.
The optical power levels in the transmitter were optimized for optimum OPLL performance rather than for maximum transmission power so that only 15 dBm was put into the link from each laser. For the link presented here, the link gain is directly proportional to the product of the power of the two laser signals [19] . Therefore, the link gain can be significantly improved by increasing the optical output power of the transmitter. A 25-dB increase of the power from each laser from 15 to 10 dBm will result in a link gain improvement of 50 dB. This will increase the insertion gain from 37 to 13 dB and the 25-km transmission gain from 47 to 3 dB. The link gain is also inverse proportional to the power of the input RF signal [19] . This is because a fixed input power level is required to pump the mixer in the phase detector to ensure a fixed OPLL operation [26] . As a result of this, the link gain can be improved by the use of a more efficient mixer requiring a lower pump power. However, it also means that the dynamic range of the link is very close to 0 dB as is normal for a PLL input [26] .
D. Link Linearity
The linearity of the link is given in terms of the baseband-tobaseband differential gain and differential phase as measured on the 4.43-MHz color subcarrier in the video signal. These are traditionally used to characterize the linearity of an FM link. 3 They include all contributions from amplitude response, group delay response, and AM/PM conversion. As seen, the optical link only introduces a negligible distortion of the video signal which is within the accuracy of the measurement setup. Further, the measured distortion levels are well within the requirements.
E. Link Noise
A noise figure cannot be defined for a transparent RHD link based on an OPLL transmitter. This is because PLL's can very efficiently recover input signals that are accompanied by a significant additive noise [26] . Consequently, the C/N density ratio ( ) of the RF output signal is independent of the of the RF input signal, and an RF output signal with a high may be obtained even for an RF input signal with a rather poor . However, a too poor will result in the generation of additional phase noise on the RF output signal due to additive noise to phase noise conversion in the OPLL [26] . The amount of additional phase noise that can be tolerated sets the lower limit for the of the RF input signal.
The noise performance of the link must be evaluated from the signal-to-noise ratio (S/N) of the demodulated video signal. This takes all noise sources into account and is determined by the signal strength, additive noise, phase noise, and amplitude noise of the RF output signal.
As seen from Table I , the link is capable of delivering a studio-quality video signal with a weighted S/N of 58 dB which is very close to the 60-dB requirement. Further, it is seen that the optical link introduces a 15.6-dB reduction of the nonweighted S/N. Although the S/N requirements of FM TV links are normally addressed through the weighted S/N, 2 an assessment of the S/N reduction can only be performed using the nonweighted S/N values. This is because the weighting function may significantly alter the influence of the different noise sources.
The influence of the additive noise on the S/N can be easily distinguished from the other noise sources by measurement of the (signal strength over additive noise). The change in from input to output of the link has been shown in Table II . The value of the input signal is found from the back-to-back measured S/N. 2 This is valid because the signal from the MW transmitter has very low phase and amplitude noise. The of the optically generated RF output signal is governed by the available laser power, fiber loss, laser relative intensity noise (RIN) density at the frequency corresponding to the frequency of the RF signal, thermal noise of the optical receiver, and polarization-mode dispersion of the fiber (it reduces the RF signal strength). However, for the RF signal frequency and fiber length of this experiment, the polarization mode dispersion is of insignificant influence [1] . The values for the RF output signal are found from the measured signal strength, laser power, RIN, and thermal noise. As seen, the additive noise introduces a total reduction and thereby an S/N reduction of 10.9 dB. However, it must be noted that the reduction due to the fiber loss is fixed whereas the reduction/improvement due to the OPLL E/O-O/E conversion strongly depends on the of the RF input signal as previously explained. Consequently, for an RF input signal with a of 110 dBHz, a improvement of 11.8 dB would have been obtained due to the OPLL E/O-O/E conversion because the of the RF output signal would remain unchanged. Finally, the of the RF output signal can be increased by increasing the power from each laser. However, this improvement is not linear with laser power and an improvement limit exists due to the laser RIN [19] .
Based on the S/N reduction due to additive noise, it is possible to identify the S/N reduction due to the remaining noise sources. The total S/N reduction is (from Table I) found to be 15.6 dB, and the S/N reduction due to additive noise is (from Table II) found to be 10.9 dB. This means that the phase noise and the amplitude noise introduce an S/N reduction of 4.7 dB. The phase noise of the RF output signal depends on the laser phase noise, phase noise reduction efficiency of the OPLL, and chromatic fiber dispersion. However, for the RF signal frequency and fiber length of this experiment, the chromatic dispersion is of insignificant influence [2] . The amplitude noise of the RF output signal depends on the laser RIN density from zero to 27 MHz (the spectral width of the RF signal). This RIN is up-converted by the RHD to enter the RF output signal as amplitude noise. As found through measurements, it may be quite significant if the lasers are not properly isolated toward optical back-reflections [19] . Unfortunately, it is not possible to distinguish amplitude noise and phase noise in the measurements. Therefore, it cannot be determined how much of the 4.7-dB S/N reduction is caused by phase noise and how much is caused by amplitude noise.
Finally, it must be noted that the three noise sources (additive, phase, and amplitude) have very different influences on the signal. Therefore, an S/N improvement obtained by reducing one of the noise sources cannot compensate the S/N degradations introduced by any of the other noise sources.
F. Summary
The experiment demonstrates that the RHD link, when based on OPLL transmitters, can also be used for implementation of RF-to-RF transparent links. However, as shown, the nature of this link is significantly different from that of conventional RF-to-RF transparent links. These differences may be of significant advantage in some applications, e.g., if the input signal has a poor . Further, it must be realized that the performance of the link is independent of the frequency of the RF signal as long as the same OPLL performance is maintained.
Together with the two previous link experiments, this experiment demonstrates that fiber-optic MW links based on RHD can perform any of the three functionalities that are characteristic in radio systems. As opposed to the DD link, the RHD link can in many cases be optimized to the specific application. This may significantly influence performance, cost, power consumption, etc., and must be taken into account when comparing the two types of links.
VIII. CONCLUSION
The multifunctionality of MW links based on RHD has been discussed and experimentally demonstrated in this paper.
In a modulating link experiment, a 1-Gb/s baseband input signal has been QPSK modulated onto a 9-GHz RF signal in conjunction with fiber-optic transmission. Further, a frequency-converting link experiment has demonstrated upconversion of a 100-Mb/s PSK input signal at 2 GHz to an RF output signal at 9 GHz with penalty-free transmission over 25 km of optical fiber. Finally, a transparent link experiment has demonstrated transmission of a standard FM video 7.6-GHz radio-link signal over 25 km of optical fiber without measurable distortion.
These three link experiments clearly demonstrate the three radio-system functionalities that are obtainable with RHD links, as well as their feasibility. In many applications, modulating or frequency converting links may be much more desirable than transparent links. The RHD technique enables these, as opposed to the conventional DD-technique. When comparing DD links and RHD links this must be taken into account, and the entire system must be evaluated in its entirety from end to end.
All of the presented experiments have been performed with a dual-frequency laser transmitter based on optical offset phase-locked semiconductor lasers. The experiments have demonstrated the efficiency, flexibility, and feasibility of this type of transmitter that also has potential for both hybrid and monolithic O/E integration. Work on integration is in progress. A MMIC-based O/E phase detector has been implemented [27] , [28] , and a hybrid integrated and packaged OPLL is under construction [29] . Integration might eventually lead to cost reduction making fiber-optic MW links based on RHD attractive for future specialized MW systems.
